reconstruction of level and distribution of short-lived and highly toxic 131 I, as well as understanding the knowledge of atmospheric dispersion of iodine. However, aerosol 129 I concentration is difficult to measure due to its low concentration in the areas remote from nuclear pollution sources. In this study, a novel method for determination of 129 I in aerosols collected on glass fiber filter was developed using high-temperature pyrolysis and AgI-AgCl coprecipitation for its separation coupled to highly sensitive accelerator mass spectrometry (AMS) for its measurement. It is worth to note that even though the pyrolysis behaviors of various iodine species were different, all iodine can be quantitatively recovered. Iodate can be released from the aerosols by decomposition to iodine at a temperature over 500°C. The chemical yield of iodine in the pyrolysis is 81.5 ± 5.8%. The detection limit for 129 I in aerosol is 1.3×10 4 atoms/m 3 , allowing to use three times less aerosol sample size than that using the alkaline-ashing separation coupled to solvent extraction method. For aerosol samples collected in Asia with 129 I/ 127 I ratio of (0.1-10) ×10 -9 , a volume of 1000 m 3 air is sufficient for determination of 129 I. The developed methods have been applied to analyze the aerosol samples collected in Xi'an, an inland Chinese city, for iodine isotopes. It was observed that 129 I concentrations range within (0.38-5.19) ×10 5 atoms/m 3 , and 129 I/ 127 I ratios of (21.7-252)
×10
-10 , which is comparable to those collected in Japan before the Fukushima nuclear
Introduction
Iodine presents in the atmosphere in gaseous and particulate associated species.
Residence time of iodine in the atmosphere varies from a few minutes to tens of days for gaseous organic and inorganic compounds and particulate-associated species [1] .
Iodine is a key climate-related element. New molecular-scale evidence indicates that aerosol particle formation is related to sequential addition of HIO3 [2] . Airborne iodine is intensively focused not only to study geochemical circulation of iodine, but also to investigate transportation of radioactive iodine released from nuclear facilities and nuclear accidents. After the Fukushima accident in 2011, a long-lived radioiodine, 129 I, has been extensively investigated in soil, air and water systems [3] [4] [5] . 129 I in aerosols has been determined for reconstruction of short-lived radioactive 131 I [6] [7] [8] , and investigation of atmospheric circulation in high altitude locations, and environmental safety around nuclear facilities [9] [10] [11] .
Even though analytical methods for determination of 129 I in aerosols have been reported, large sample size and time-consuming analytical procedure are the challenge for determination of low-level 129 I concentrations in aerosols. 129 I concentrations in the atmosphere range from 10 4 atoms/m 3 in Asia to 10 6 atoms/m 3 in northern Europe [12, 13] . The conventional methods generally requires a few hundreds to thousands cubic meters of air for determination of 129 I in aerosols. According to our previous method of alkaline ashing followed by solvent extraction [14] , about 3000 m 3 air is required for analysis of aerosol 129 I concentrations in areas less effected by nuclear facilities in Asia. However, large sample size is neither accessible nor easy to prepare.
Two methods are commonly used to separate iodine from filter medium. One is extraction using NaOH [15, 16] , but our previous work suggests that this method cannot 4 completely leached iodine from filter [14] , which will underestimate iodine concentration in aerosols. Another method is ashing in alkaline medium [14] , however, this method is not suitable to analyze the aerosol collected onto glass or quartz fiber filter which formed melt cake prevent from leaching out of iodide afterward. After iodine is released and trapped by alkaline solution, about 1-2 mg stable iodine carrier is often added to make further purification by solvent extraction using chloroform or carbon tetrachloride. However, the addition of iodine carrier will decrease 129 I/ 127 I ratio of the sample target for AMS measurement. The required sample size can be reduced by decreasing amount of iodine carrier spiked. A carrier-free and later modified with addition of small amount of iodine carrier were developed for this purpose [17, 18] .
Pyrolysis coupled to AgI-AgCl coprecipitaiton have been developed for separation of iodine from solid sample [17] , this method is much efficient and successfully applied 
Sampling and sample preparation
The aerosol samples were collected on glass fiber filter (200 mm×220 mm, Tianhong Instrument Ltd., Wuhan, China) using a high-volume sampler with a flow rate of 1.5 m 3 min -1 on the roof (440 m asl and 12 m above the ground) of the Xi'an AMS center (34°13'25"N, 109°0'0"E) in Xi'an, China. Iodine was separated from the aerosol filter using pyrolysis method (Figure 1 and S1). The aerosol samples were cut into small pieces, and placed into a corundum boat. 125 I in the form of iodide or iodate was added as chemical yield tracer to investigate the influence of iodine species on chemical yield. Iodine in the samples was released as gaseous form at high temperature in the atmosphere of nitrogen and oxygen gases in a tube furnace [17, 19] . The protocol of combustion is shown in Table S1 . In brief, the temperature of the furnace was first increased from room temperature to 250°C within 20 min, and dwell for 10 min. A slower ramp rate of temperature, 5°C/min from 250°C to 400°C is used for allowing complete combustion of organic matter and slow production rate of carbon dioxide to ensure the tube pressure in a safe scope. Both nitrogen and oxygen gases were used before 400°C, for which the former gas acts as a protective and dilution gas and the latter one as an oxidation gas. After dwelling at 400°C for 20 min, the temperature is further increased to the pyrolysis temperature and dwells for 1-3 hours to release iodine.
Because organic matter has been burnt completely, only oxygen gas is used in the pyrolysis step for oxidation of iodine. The pyrolysis temperature of 700, 800 and 900°C
and combustion time of 1, 2, 3 hours were investigated for their influence on chemical yield of iodine species. as AgI-AgCl. After centrifugation, the AgI precipitate and coprecipitate were washed once and rinsed twice with deionized water.
AMS and ICP-MS determination of 129 I and 127 I
The AgI precipitate and AgI-AgCl coprecipitate were completely dried at 70C, then mixed with Nb metal powder (99.9%, 325 mesh, Alfa Aesar, USA) in a mass ratio of 1:5 and pressed into bronze target holders. 129 I in the target was measured using a 3MV AMS in the Xi'an AMS Center (Table S2 ) [17] . Negative ions of iodine are sputtered out from the holder by cesium ion source. Due to high salinity, the trapping solution was diluted by a factor of 20-50 with 1% NH3·H2O, and analyzed for 127 I concentration by ICP-MS (Agilent 8800, USA) using the mode of single quadrupole and no dynamic collision-reaction gas (parameters shown in Table S3 ). Cs + (CsCl) was used as an internal standard in the ICP-MS measurement of iodine. The sensitivity of 127 I is 250 Mcps per 1 mg/L of iodine, and the instrumental detection limit is 0.002 μg/L for 127 I.
Results and discussion

Optimization of pyrolysis temperature and time
The influence of pyrolysis temperature from 700°C to 900°C on chemical yield of iodine has been investigated. The analytical results show that the chemical yields of iodine vary from 65.9% at 700°C to 82.9% at 800°C for three hours (Table 1) . Further increasing temperature to 900°C cannot increase the chemical yield of iodine (79.4%).
Therefore, the pyrolysis temperature of 800°C is chosen as the optimal condition. We have observed that using the same analytical procedure with pyrolysis temperature of 800°C, the chemical yield for all types of soil samples reaches 95%-100% [19] . The relatively lower chemical yield for aerosol samples compared to soil sample might be attributed to the matrix effect. For the convenience of sample preparation for 129 I using pyrolysis method, inorganic filter, such as glass and quartz fiber filters, are preferred for collection of aerosols, because organic filter can produce carbon dioxide to use this method. After pyrolysis, the soil sample is still in powder form, while the glass fiber was melt and become a bulk of glass cake, which might wrapped a small portion of iodine, up to 17%, and cannot be released out. This is also proved by an experiment using blank glass fiber filter with addition of 125 I tracer to the filter surface, the observed chemical yield of 125 I in the blank glass fiber filter was also less than 85%. There is one way to solve this problem by unfolding completely the aerosol filters. However, this is not feasible due to the limited space of sample holders and the work-tube of the combustion system. With extended pyrolysis time from 1 hour to 3 hours, 64.6% -81.4% of iodine was collected in the trapping solution within one hour for pyrolysis temperature of 700, 800
and 900C, and only less than 2% of iodine is released in the following two hours.
Therefore, one hours is chosen as the optimal pyrolysis time.
Under the optimal combustion conditions, pyrolysis temperature of 800°C for one hour, the chemical yield of iodine is 81.4 ± 5.8% for aerosol samples on glass fiber filter, which is sufficient for AMS measurement.
Effect of iodine species on its chemical yield
In our early studies [20] , iodide-125, a reduced state, was used as yield tracer, which could be oxidized to gaseous I2 by oxygen at a high temperature. In this work, iodate-125, an oxidation state, was investigated whether it can be also transformed to gaseous CH2ICOOH, which can be attributed to different physicochemical properties and reaction rates of these two iodine reagents from those of KI. Iodate should not be transformed to gaseous I2 by reaction with oxygen. However, it is found that potassium iodate (KIO3) and sodium iodate (NaIO3) can be decomposed into potassium iodide and sodium iodide and oxygen under 560°C and 500°C, respectively [21, 22] . Under the optimal pyrolysis temperature in this work (800°C), iodate can be decomposed to iodide and oxygen, then iodide can be oxidized to gaseous I2 that will be released and trapped in a trapping solution. In addition to iodide and iodate, iodine occurs in aerosols as organic iodine (such as those associated to humic-like substances) and metal oxides combined iodine [6, 13] . For organic iodine species, it is easy to be decomposed under high temperature in the optimal conditions. For metal oxides associated iodine, such as iron oxide and manganese oxide, iodine is generally absorbed on these minerals, and unlikely composition of crystal lattice, which is readily separated from aerosol matrix under pyrolysis. Furthermore, iron oxide and manganese oxide can be reduced to metal iron and manganese, respectively, by carbon, carbon monoxide and hydrogen. During these reactions of iron and manganese oxides, iodine also can be released. 
KIO3/NaIO3
In fact, it is scarcely possible to make iodine specie of tracer completely same as those in real sample owing to the complexity of iodine species in the environmental samples. Therefore, the uncertainty of results resulted from difference in iodine species of 125 I tracer and 127 I and 129 I in real environmental samples has to be taken into account in sample preparation. While in the case of high chloride concentration in aerosol samples, it is hard to control the precipitate amount into 2-3 mg, which will greatly decrease 129 I counts and 127 I current. In order to get rid of excessive chloride from the precipitate, diluted ammonium hydroxide (5%-20% v/v) is used to dissolve AgCl and leave AgI in the precipitate. With this step, 127 I currents in aerosol samples significantly increased to 210-400 nA, which is comparable to that of AgI standard (660 nA) ( Table 2 ). Therefore, in the following experiment, all AgI-AgCl precipitate was treated with diluted ammonium hydroxide to ensure high 129 I counts and 127 I current intensity. 
AMS measurement of
Figures of merit and method validation
Limit of Detection. The detection limit was calculated as 3 times standard deviation (σ0) of blank for a certain amount of measurements, i.e. DL = 3σ0. Procedure blanks were prepared using the same conditions as samples. The measured 127 I and 129 I concentration and 129 I/ 127 I ratio of the procedural blanks (n=7) are 43.6 ± 7.4 ng/g filter, (3.8 ± 2.6) × 10 6 atoms/g and (4.9 ± 2.4) × 10 -12 , respectively. Detection limit of 127 I can be calculated as 22.2 ng/g for this method, about one order of magnitude higher than that of the previously reported method for polypropylene filter (2.1 ng/g filter) [14] . The glass fiber filter used in this work has been baked at 105°C for 24 h, while this treatment is not helpful to decrease the procedural blank. Detection limit of 129 I is calculated to be 7.8 × 10 6 atoms/g for aerosol using glass fiber, pyrolysis-AgI-AgCl coprecipitation separation and 0.20 mg 127 I carrier. This is comparable to that previously reported detection limit (7.1 × 10 6 atoms/g filter) for polypropylene filter [14] . Analytical capacity. For analyzing the aerosol samples for 129 I, the pyrolysis and precipitate preparation take 3 h (for one batch of four samples) and 2 h (for eight samples), respectively. Two batches of samples (eight samples) can be easily completed in one day. which is much efficient compared to alkali fusion method (more than two days for one batch samples (< 20 samples)). Furthermore, the experimental operation is convenient. In contrast to other methods [14, 15] , the method developed in this study greatly reducing the labor intensity by saving the steps, for example alkaline ashing, solution extraction, filtration, solvent extraction. 
Conclusions and perspectives
An accurate analytical method for determination of 129 I in aerosol samples was 
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